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Summary 
The crystal structure of the paired homeodomain 
bound to DNA as a cooperative dimer has been deter- 
mined to 2.0 .a. resolution. Direct contacts between 
each homeodomain and the DNA are similar to those 
described previously. In addition, an extensive net- 
work of water molecules mediates contacts between 
the recognition helix and the DNA major groove. Sev- 
eral symmetrical contacts between the two homeodo- 
mains underlie the cooperative interaction, and defor- 
mations in the DNA structure are necessary for the 
establishment of these contacts. Comparison with 
structures of homeodomains bound monomerically to 
DNA suggests that the binding of a single paired ho- 
meodomain can introduce these DNA distortions, thus 
preparing a template for the cooperative interaction 
with a second homeodomain. This study shows how 
the paired (Pax) class homeodomains have achieved 
cooperativity in DNA binding without the assistance 
of other domains, thereby enabling the recognition of 
target sequences that are long enough to ensure speci- 
ficity. 
Introduction 
The homeodomain is one of the most widespread DNA- 
binding motifs in eukaryotes and plays a particularly criti- 
cal role in developmental patterning and differentiation. It
is capable of recognizing specific DNA sequences with 
high affinity as a monomer (Gehring et al., 1994). These 
sequences, however, are only 5-6 bp long, and diverse 
homeodomains encoding entirely different biological func- 
tions can recognize very similar DNA sequences, usually 
bearing a TAAT core (for review see Treisman et al., 1992; 
Gehring et al., 1994). Targeting of homeoproteins to cor- 
rect promoters must therefore principally arise through 
interactions with other proteins (Hayashi and Scott, 1990), 
the most common manifestation of this being dimerization 
and/or cooperative DNA binding between homeodomain 
proteins (for review see White, 1994). The ability of homeo- 
domain proteins to interact with each other has now been 
observed in almost all major homeodomain sequence 
classes, including HOX, paired/Pax, POU, and LIM, as 
well as the members of several smaller classes (engrailed, 
CAD, and PBX) and some very divergent examples (for 
review see Wilson and Desplan, 1995). 
Homeodomains bound to DNA as monomers have been 
the subject of all previous structure determinations. Unlike 
the cases of cooperative DNA binding/dimerization from 
homeoproteins outside of the paired class, in which do- 
mains extrinsic to the homeodomain are required, the 
paired class homeodomains can rely entirely on the con- 
served 60 amino acid homeodomain to achieve coopera- 
tivity (Wilson et al., 1993). In this report, we address the 
structural basis of cooperative DNA binding by the paired 
class of homeodomains, which is one of the largest 
classes. It includes the Pax proteins, which possess a 
second DNA-binding domain, the "paired domain" (Bopp 
et al., 1986; Treisman et al., 1991), and other members 
that have no other DNA-binding domain (such as the Phox/ 
Mhox genes, the Otx genes, goosecoid, aristaless, repo, 
etc.; for review see BL~rglin, 1995). All tested members of 
this class can bind cooperatively as homo- or heterodimers 
to a palindromic DNA site of the sequence TAATYN- 
RATTA (Y is C or T; R is A or G; N is any nucleotide), 
which we call "P3" because 3 bp separate the two inverted 
TAAT core sequences (Wilson et al., 1993; see also 
Schafer et al., 1994; Czerny and Busslinger, 1995; Un- 
derhill et al., 1995). The palindromic recognition sites exist 
in promoters/enhancers of several genetic targets of the 
paired gene, and a P3 sequence has been implicated in 
regulation of gooseberry by paired (Li and Noll, 1994). P3 
sites play an important role in the activation of rhodopsin 
genes, possibly due to the cooperative DNA binding by 
the paired class homeodomain protein Pax-6 (Mismer and 
Rubin, 1989; Halder et al., 1995; Czerny and Busslinger, 
1995). 
In this study, we wished to understand how homeodo- 
mains of the paired class achieve cooperative DNA bind- 
ing to the P3 site and why this property is specific to this 
class. The paired homeodomain binds with -50-fold co- 
operativity to the P3 site. This homeodomain has a serine 
at a critical position for DNA sequence recognition, posi- 
tion 50 (Table 1; for review see Treisman et al., 1992). 
However, the presence of glutamine at this position (Gin- 
50) increases the cooperativity of paired and other paired 
class homeodomains by -4-fold (Wilson et al., 1993). We 
therefore made the single Ser-50--GIn mutation in the 
paired homeodomain in preparation for structural studies. 
This protein serves as a model for those homeodomains 
that normally bear a Gin-50 (the Phox/Mhox proteins, Sia- 
mois, Mix-l, aristaless, repo, etc.), which allows them to 
bind to DNA with the highest observable cooperativity, as 
much as 300-fold (Wilson et al., 1993). We now report the 
high resolution (2.0,~) crystal structure of the paired Gin-50 
homeodomain bound to the P3 DNA site. Our analysis 
reveals interactions between the two homeodomains in- 
volving residues that are highly conserved in the paired 
class, indicating that the structure reported here serves 
as a model for the cooperative DNA binding by all paired 
class homeodomains. The structure also serves as a high 
resolution model that should be broadly applicable to other 
homeodomains. 
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Table 1. Paired Class Homeodomains That have Been Shown to Dimerize Cooperatively on the P3 Site 
Position 1 11 21 31 41 51 60 
Paired QRRCRTTFSA SQLDE LERAF ERTQYPD I YT REELAQRTN L TEAR I QVWFS NRRARLRKQH 
Paired Gin-50 - - -S  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ . . . . . . .  Q . . . . . . . . . .  
Gooseberry - - -S  . . . . .  N D- I -A - - -  I -  A . . . . . .  V . . . . . . . .  S-G . . . . .  V . . . . . . . . . . . . . .  L 
Phox-1 - - -N  . . . .  NS - - -QA- - -V  . . . .  H-- -AFV - -D- -R -V  . . . . . .  V . . . .  Q . . . .  KF-RNE 
Mix-1 - - -K - -F -TQ A- - -  I - -QF-  Q I NM . . . .  HH . . . . .  RH I Y I P-S . . . . . .  Q . . . .  KV-R-G 
Pax-6 LQ-N- -S -T -  Q- I E - - -KE . . . .  H-- -VFA - -R - - -K  I D- P . . . . . . . . . . . . .  KW-REE 
Goosecoid K - -H- -  I -TD E - -EA- -NL-  QE-K- - -VG-  - -Q- -R -VH-  R-EKVE---K . . . .  KW-R-K 
Amino acid sequences of paired class homeodomains that have been shown to dimerize cooperatively on the P3 binding site. Demonstration of 
cooperativity for paired, paired Gin-50, gooseberry, Mix-l, and goosecoid was shown by Wilson et al. (1993) and for Pax-6 by Czerny and Busslinger 
(1995), and we have shown that Phox-1 also binds with high cooperativity to the P3 site (D. S. W. and C. D., unpublished data). Asterisks mark 
amino acid positions that are highly conserved in the paired class. 
Results and Discussion 
Structure Determination and Refinement 
The paired Gin-50 homeodomain was crystallized with the 
P3 duplex DNA ol igonucleotide 
5 ' -AATAATCTGATTAC-3'  
3 ' -TATTAGACTAATGT-5' .  
The crystals (space group C222~; a = 72.21 ,~,, b = 
146.89 ,~, c = 77.23 ,~,) diffract X-rays to at least 1.7 h, 
Bragg spacings when flash cooled to 100 K. The structure 
was determined by the multiple isomorphous replacement 
(MIR) at 2.5 ~, resolution and has currently been refined 
against native data to 2.0 ,~ resolution. The asymmetric 
unit includes one complete complex containing two ho- 
meodomains bound to one duplex DNA and a second com- 
plex in which the pseudotwofold axis of the complex is 
coincident with a crystallographic twofold axis. The posi- 
tions of iodine labels on the DNA indicate that the DNA 
in the crystallographically intact complex is also twofold 
averaged about its pseudotwofold axis (discussed in detail 
in the Experimental Procedures). The model therefore in- 
cludes three crystal lographically independent homeodo- 
main-DNA interfaces and two independent homeodo- 
main-homeodomain  interfaces. Because the electron 
density is stronger and the thermal parameters lower for 
the intact complex than for the bisected one, we restrict all 
further discussion to the two homeodomains in the former 
duplex, except where noted. The final model includes 254 
water molecules and has been refined to an R value of 
0.197 and a free R value (BrL~nger, 1993) of 0.270, using 
data from 6.0-2.0 ,~. 
Structure of the Cooperative Homeodomain 
Dimer on the P3 Site 
The complex shows a head-to-head arrangement of two 
homeodomains on the palindromic DNA site (Figure la).  
Each homeodomain is composed of three a helices: helix 
I (residues 10-22), helix II (residues 28-37),  and helix Ill, 
the "recognition helix" (residue 42 to the C-terminus). 
These helices are preceded by the "N-terminal arm" (Kis- 
singer et al., 1990), which extends from the first to the 
Figure 1. TheStructureofthePairedGIn-50HomeodomainCoopera- 
tive Dimer on the P3 Site 
(a) The DNA is in space-filling representation, with the phosphoribose 
backbone in green and the bases in blue. The homeodomains, repre- 
sented by ribbons approximating the polypeptide backbone, are col- 
ored red and yellow. 
(b) A view rotated by about 90 ° along the DNA axis, showing the DNA 
backbone in blue, the base pairs in white, and the two homeodomains. 
The arrows indicate the 21° bend in the DNA. The angle of the bend 
was calculated by superimposing the terminal 3 bp at each end of the 
duplex with a model of ideal B-form DNA. The angle between the long 
axes of these two B-form models was taken to be the bending angle. 
(c) The molecular surface ofthe homeodomain dimer, asviewed after 
a 180 ° rotation about he DNA axis from the view in (a), generated using 
the program GRASP (A. Nicholls and B. Honig). The DNA backbone 
is shown as a pair of ribbons. The molecular surface for the pair of 
homeodomains is largely continuous across the boundary between 
them. The protein backbone, indicated by ribbons, is shown beneath 
the transparent surface. The N- and C-termini are marked for each 
protein in (a) and (c). 
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ninth residue and does not conform to regular secondary 
structure. Each homeodomain makes about 33 hydrogen- 
bonding and electrostatic ontacts (including those medi- 
ated by about 13 water molecules) with a region of DNA 
that extends over 11 bp (Figure 2), and a 6 bp region is 
involved in sequence-specific ontacts. The two proteins 
approach each other such that the N-terminal arm of one 
homeodomain interacts with the beginning of helix II of the 
other, and the N-termini of the recognition helices (helix 
III) approach each other (Figure la). The DNA is bent, 
primarily at the center, by about 20 ° (Figure I b). The close 
apposition of the two homeodomains results in the forma- 
tion of a contiguous molecular surface (Figure lc). 
Comparison with Previous 
Homeodomain Structures 
The paired homeodomain is structurally very similar to 
other homeodomains of known structure, Antennapedia 
(Qian et al., 1989; Biileter et al., 1993), engrailed (Kissinger 
et al., 1990), ~2 (Wolberger et al., 1991), and Oct-1 (Klemm 
et al., 1994), with a root-mean-square (rms) deviation in 
main chain atoms (residues 8-56) of 0.6 ,~ from the en- 
grailed homeodomain structure, for instance. Alignment 
of the paired and engrailed homeodomains results in close 
superimposition of the associated TAAT sequence (with 
an rms deviation of 1.24 ,~ for all atoms). Therefore, the 
present high resolution crystallographic analysis may 
serve as a model for all homeodomains that bind to TAAT 
sequences. 
DNA Sequence Recognition 
The interaction between each paired homeodomain and 
its associated TAAT core sequence (Figure 2) is similar 
to that observed previously for other homeodomains (Kis- 
singer et al., 1990; Billeter et al., 1993; Klemm et al., 1994). 
The sequence-specific interactions occur through two 
regions of the protein, the recognition helix and the 
N-terminal arm. 
The recognition helix is inserted into the major groove 
of the DNA, allowing two residues (Val-47 and Asn-51) to 
make direct contacts with two bases (Kissinger et al., 
1990). However, the other bases in this region do not form 
intimate contacts with the recognition helix, but rather are 
separated from it by a cavity (Billeter et al., 1993). Nuclear 
magnetic resonance analysis of the Antennapedia homeo- 
domain bound to DNA demonstrated the solvation of resi- 
dues within this interface, suggesting that the recognition 
helix makes sequence-specific interactions indirectly, by 
contacting water molecules that in turn interact with bases 
in the major groove (Qian et al., 1993; Billeter et al., 1993). 
The crystal structure of the paired homeodomain reveals a 
surprisingly extensive shell of crystallographically orde red 
water molecules at the interface between the recognition 
helix and the major groove (Figure 3a). These water mole- 
cules are observed in both of the paired homeodomain- 
DNA interfaces and correspond to electron density features 
that are consistently present, even in maps calculated 
after subjecting the model (without hese waters) to simu- 
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Figure 2. Contact Map for a Single Homeodomain Bound to the P3 
Half-Site TAATCAGA 
For each homeodomain, base pair positions are numbered 1-8, begin- 
ning with the first T of the sequence TAATCAGA. The "top strand," 
which is represented on the far right, bears the TAAT sequence. The 
TA base pair at position 6 is at the center of the pseudotwofold axis 
of the DNA duplex and is, therefore, an AT base pair in one of the 
half-sites. This position is twofold averaged in our structure (see Experi- 
mental Procedures). Yellow circles represent phosphates, and open 
pentagons represent the ribose sugars. Solid lines show interactions 
between amino acid side chains and the DNA. Dotted lines are con- 
tacts between protein main chain atoms and DNA. Closed arrows 
represent putative hydrogen bonds, and open arrows show electro- 
static interactions other than hydrogen bonds. The direction of the 
arrows indicatesthe directionality of the hydrogen bonds, when known, 
and points toward the more el ctronegative atom in the case of other 
electrostatic interactions. Lines terminating in closed circles show hy- 
drophobic/van der Waals interactions between protein side chains and 
bases. Red circles represent water molecules. Water molecules men- 
tioned in the text or present in Figure 3b are numbered. All interactions 
shown here are observed in both of the homeodomain-DNAinterfaces, 
with the exception of those mediated by waters number 2 and 3, which 
were ambiguous in one of the homeodomains. 
lated annealing refinement o minimize phase bias (Hodel 
et al., 1992). The average temperature factor of the water 
molecules shown in Figure 3a is 38 ,~,2 (Table 2), which is 
the same as the average for all atoms in the model. These 
solvent molecules collectively make numerous hydrogen 
bonds to both the protein and the DNA, as well as to each 
other. That water can mediate important sequence- 
specific protein-DNA interactions has been shown pre- 
viously for the tryptophan represser-operator complex 
(Otwinowski et al., 1988). 
The invariant residue Asn-51 makes two direct hydrogen 
bonds with the adenine at position 3, top strand (Figure 
3b; see Figure 2 for numbering of DNA bases), as shown 
in all previous homeodomain-DNA crystal structures, in- 
cluding the highly divergent ~2 homeodomain structure 
Cell 
712 
a 
b 
# 
?;;~ . . . . .  .As  5 
. / j _~y . ,  . . . .  ,3~fE( ~i~,'j 
- - ~- - . - -+ 'v=, -7 - - .7 J  
C 
Monomer 
Unshifted 
[ _ _ J [ _ _  
Q50 A50 
Figure 3. Direct and Water-Mediated Interactions of the Homeodo- 
main Recognition Helix with the DNA Major Groove 
(a) Stereo image showing 18 water molecules at the interface between 
the recognition helix and the DNA major groove. More information 
regarding these water molecules is presented in Table 2. The homeo- 
domain is shown as ribbon structure and the DNA as a stick model. 
Water molecules are represented by red spheres. The side chains of 
Val-47, Gin-50, and Asn-51 are shown as white sticks. The 5'-TAAT-3' 
sequence progresses from top to bottom as marked. The green netting 
shows the [IFol - IFcll electron density map contoured at 2.80. The 
map was calculated using phases generated from a model obtained 
by removing the 18 water molecules shown, followed byrandomization 
of all the coordinates (rms displacement = 0.5 ~.) in the model, which 
increased the R value to 0.35, and rerefinement o an R value of 0.22. Comparable electron density peaks are also observed at the other 
homeodomain-DNA interface for all except two (see Table 2) of these water molecules. 
(b) shows the recognition helix backbone as a green ribbon, with its N-terminus toward the viewer. The DNA, in gray, is shown with e major 
groove facing the recognition helix, and the "top strand" in the foreground, with the 5' to 3' direction of this strand running from top to bottom. 
The interactions are described in the text. Hydrophobic interactions between methyl groups on T4 and T6 (shown in green) and the protein are 
described in the text, but are not explicitly shown• 
(c) shows a gel mobility shift experiment, comparing the relative binding affinity of the paired Gin-50 (Q50) and paired Ala-50 (A50) homeodomains 
for the two DNA sequences, TAATCA and TAACGA. The paired Gin-50 homeodomain binds to the TAATCA probe better than the TAACGA 
probe. Gin-50 is partially responsible for this preference, as shown by the comparison with the paired Ala-50 homeodomain peptide. 
(Kissinger et al., 1990; Wolberger et al., 1991; Klemm et al., 
1994). This side chain is relatively well ordered (average 
B factor for side chain atoms in both homeodomains = 25 
,~2) and in the same conformation as observed in the earlier 
crystal structures• This interaction constitutes the only di- 
rect hydrogen bonding between the protein and the base 
pairs in the major groove (Kissinger et al., 1990). In addi- 
tion to the direct interactions with A3, this side chain also 
interacts with T4 via its amide oxygen and a water mole- 
cule (Figure 3b). 
Position 50 has been shown to be critical for conferring 
different DNA binding specificities onto homeodomains 
(for review see Treisman et al., 1992). The paired homeo- 
domain normally possesses a serine at this position, 
whereas most homeodomains have a glutamine at this 
position. In our structure of a paired Gin-50 homeodomain,  
this glutamine hydrogen bonds to at least two water mole- 
cules, one of which can also hydrogen bond to Asn-51 
and T4 (top strand), and the other of which hydrogen bonds 
to the 06  of G5 (bottom strand). The Gin-50 side chain is 
relatively well ordered (average temperatu re factor of side 
chain atoms = 32 A 2) and is in the same conformation in 
both paired homeodomains and in the engrailed homeodo- 
main structure (Kissinger et al., 1990). In this conforma- 
tion, there is no possibility for direct hydrogen bonding 
with the bases, but a van der Waals contact with the methyl 
group of T6 is observed (see also Kissinger et al., 1990). 
Although the paired homeodomain makes no direct hy- 
drogen bonds to base pairs 4 or 5, mutation of these base 
pairs (TAATCA to TAACGA) results in a 42.8-fold (_+ 4.6 
[standard error of the mean]; n = 5) reduction in binding 
activity (Figure 3c), demonstrating the importance of wa- 
ter-mediated and van der Waals contacts for specificity• 
These measurements were made using single (nonpalin- 
dromic) TAAT sites• Because Gin-50 interacts via water 
molecules with base pairs 4 and 5, we mutated the Gin-50 
side chain to alanine and determined the relative binding 
affinity of this mutant homeodomain for the two sites. The 
Ala-50 homeodomain retained a preference for the TAATCA 
site over the TAAC__G_GA site, but to a 5.2-fold (_+.+ 0.2, n = 
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Table 2. Water Molecules between the Recognition Helix and the 
DNA Major Groove 
Number of Potential 
Distance to Hydrogen Bonds to the 
Following: 
Equivalent 
Water Water at Other B 
Number Other Interface (,~,) Protein DNA Waters Factor (,~2) 
1 0.7 2 1 1 33 
2 1 1 2 31 
3 0 1 3 36 
4 0.2 2 1 1 29 
5 0.5 1 1 1 32 
6 0.5 1 1 1 26 
7 0.4 1 1 1 23 
8 0.7 0 1 2 35 
9 0.2 1 0 2 33 
10 0.8 0 2 2 46 
11 0.6 1 1 0 32 
12 0.7 O 1 1 31 
13 0.4 0 1 2 57 
14 1.2 0 0 2 39 
15 0.8 1 1 2 31 
16 0.8 0 1 1 35 
17 1.2 0 1 1 53 
18 0.5 2 0 2 47 
Rms 0.8 Average 38 
deviation 
The 18 water molecules listed are identical to those shown in Figure 
3a. The numbering corresponds tothat used in Figures 2 and 3b. All 
of the 18 water molecules listed here, with the exception of numbers 
2 and 3, were clearly observed in both paired homeodomain-DNA 
interfaces and were verified in simulated annealing-omit maps. The 
measurement of distances between equivalent waters in the two recog- 
nition helix-DNA interfaces was based on structural alignment using 
homeodomain main chain atoms from residues 5-58. The rms devia- 
tion for water molecules is the same as that for DNA atoms (following 
the same structural alignment). 
5) lesser degree. The other water-mediated and van der 
Waals contacts must explain the remaining selectivity by 
the paired Ala-50 homeodomain (see also Ades and 
Sauer, 1994). 
Figure 4. The Interaction fthe N-Terminal Arm of the Homeodomain 
with the Minor Groove of DNA 
The entire TAAT sequence is shown in gray, with sugars and bases 
in stick representation. Phosphates have been omitted for clarity. 
Atoms of the bases that make contacts discussed in the text are colored 
according to element, red for oxygen, blue for nitrogen, green for car- 
bon. Water molecules are shown as red spheres. The protein back- 
bone is represented as a green ribbon, with two arginine side chains 
shown in stick representation. Arg-5 interacts with bases at position 
1 of the TAAT motif, and Arg-2 with bases at positions 2-4. 
The N-terminal arm may have a more substantial role in 
sequence recognition than could be discerned previously 
and may contribute to the specific recognition of the entire 
TAAT motif. The arm is draped along the phosphoribose 
backbone of the top strand, and two arginine side chains, 
at positions 2 and 5, insinuate into the minor groove (Figure 
4). The conformation of the arm from residues 2 -8  is nearly 
identical to that of the Oct-1 homeodomain (Klemm et al., 
1994), suggesting that its conformation is not altered con- 
siderably by its interaction with the other homeodomain.  
Arg-5 makes a charged hydrogen bond with the 02  of T1 
and also a water-mediated hydrogen bond with the N3 of 
the adenine at the same position on the bottom strand. 
Arg-2 interacts electrostatically with both the 02  of T2 (bot- 
tom strand) and the N3 of A3 (top strand). In the paired 
structure, the guanidium group of Arg-2 hydrogen bonds 
to a water molecule, which in turn contributes hydrogen 
bonds to the 02  atoms of two thymidines: one at base 
pair 3 of the bottom strand and one at base pair 4 of the 
top strand. 
The Dimer Interface 
The paired Gin-50 homeodomain binds to the P3 site with 
180-fold cooperativity, suggesting that binding of the 
first homeodomain increases the binding of the second 
by providing an interaction surface, by distorting the DNA, 
or by doing both. The two homeodomains do indeed 
interact when bound to the P3 site, resulting in the burial 
of - 1000,&,2 of surface area (total for both homeodomains,  
calculated without the DNA, using a probe of radius 1.4 
,~). The N-terminal arm of one homeodomain approaches 
the N-terminus of helix II of the other (Figures la  and 5a). 
There is a complementar ity of shape and charge between 
residues 1-3 of one homeodomain and Ile-28 (the first 
residue of helix II) and Glu-42 (the first residue of the recog- 
nition helix) of the other homeodomain.  The side chain of 
Ile-28 packs against the backbone of the N-terminal arm 
and the side chain of Arg-3 in the other molecule. In addi- 
tion, the main chain carbonyl of residue I accepts a hydro- 
gen bond from the main chain amide nitrogen of residue 28 
of the other homeodomain.  Arg-3 forms an intermolecular 
charged hydrogen bond with Glu-42, There is also a water- 
mediated hydrogen bond between two residues of the rec- 
ognition helices of the two homeodomains,  Glu-42 and 
Arg-44. Finally, there is a direct, symmetrical hydrophobic 
contact between the methyl groups of Ala-43 on each of 
the homeodomains.  
Specificity of the Cooperative Interaction on DNA 
The ability to dimerize cooperatively on the P3 sequence 
is a specific property of the paired class of homeodomains 
(Wilson et al., 1993). Comparison of paired class se- 
quences (see Table 1) shows that variation occurs at posi- 
tions 1 (glutamine, leucine, or lysine) and 2 (arginine or 
glutamine), and mutation in the paired Gin-50 homeodo- 
main of Arg-2--,Ala does not prevent strong cooperative 
DNA binding (data not shown). This is consistent with the 
observation that it is the polypeptide backbone of these 
residues that mediates the contact with the other homeo- 
domain. Residue 3 is conserved, but mutation of this resi- 
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Figure 5. The Dimer Interface and the Specificity of Cooperative Di- 
merization 
(a) shows one half of the symmetrical dimer interface. The protein 
backbone of homeodomain 1 is in light blue, and that of homeodomain 
2 is in dark burgundy. The DNA backbone is shown in gray, with two 
phosphates in yellow/red. Several direct and water-mediated hydrogen 
bonds are shown, as described in the text. 
(b) A gel mobility shift that shows thatarginines at either of two positions 
(R28 or R43) disrupt the cooperative binding. From left to right, increas- 
ing amounts (4-fold increases between adjacent lanes) of the homeo- 
domain indicated on the bottom of the panel were added to one of 
two probes, indicated at the top of the panel. The far left lanes show 
the binding of the paired Gin-50 (Q50) homeodomain to the P3 site. 
The positions of the unshifted, monomerically bound, and dimerically 
bound DNA are shown. The identities of these bands have been estab- 
lished previously (Wilson et al., 1993). P  is the site utilized in the 
present crystallographic analysis, and P5 is a site that differs only by 
an insertion of 2 bp in the center of the palindrome. The paired Gin-50 
homeodomain binds cooperatively to the P3 site, as shown by the 
relative abundance of the dimer versus the monomer on th  P3 probe. 
The same protein on the P5 site only begins to bind dimerically after 
the majority of the probe has been occupied by one homeodomain, 
indicating lack of cooperativity on this site. The mutation of the con- 
served Ile-28 at the dimer interface abolishes cooperativity, as shown 
by the close resemblance of the DNA titration pattern of the paired 
Arg-28 homeodomain on the P3 versus P5 sites. The Arg-43 mutation 
likewise almost completely abolishes the cooperativity. 
due to alanine also does not prevent strong cooperative 
binding (data not shown). The important interactions of 
residue 3 are therefore likely to be mediated by the main 
chain and the CJ~ position, which pack against Ile-28. Posi- 
tion 28 is conserved as a hydrophobic residue in paired 
class homeodomains. All paired class homeodomains 
possess a glutamic acid at position 42 and an arginine 
or lysine at position 44. These residues participate in an 
intermolecular water-mediated hydrogen bond. The con- 
servation within the paired class of Ala-43 presumably re- 
lates to the hydrophobic contact between this residue and 
the corresponding residue in the second homeodomain. 
Most of the interactions between the two homeodomains 
are made by either main chain atoms or by the CI~ atoms 
of side chains, which all amino acids other than glycine 
possess. So why is the cooperativity confined to the paired 
class of homeodomains? Nearly all non-paired class ho- 
meodomains have side chains that can prevent the inti- 
mate association of two homeodomains, namely arginine 
residues at position 28, 43, or both. Replacement of either 
Ile-28 or Ala-43 with arginine abolishes cooperative bind- 
ing by the paired Gin-50 homeodomain (Figure 5b). 
The Role of Conformational Changes in DNA 
Binding Cooperativity 
The contact surface between the two homeodomains (Fig- 
ure 5a) arises out of conformational changes in both the 
protein and the DNA. The N-terminal arm of the Anten- 
napedia homeodomain (residues 1-7) is disordered in so- 
lution (Qian et al., 1989). The crystal structure of the Oct-1 
homeodomain, monomerically bound to DNA, shows a 
nearly identical conformation of the N-terminal arm as that 
in the dimeric paired structure beginning at residue 2, 
which strongly suggests that the binding of one paired 
class homeodomain to DNA brings about the arrangement 
of this half of the dimer interface. 
The importance of conforrnational changes in the DNA 
can be seen by comparing the crystal structure of the 
paired homeodomain dimer bound to DNA with a model 
in which two homeodomains have been docked onto ideal 
B-form DNA (Figure 6a). In the latter case, the two homeo- 
domains could not contact each other (Wilson et al., 1993). 
The deformation that allows them to interact is mainly a 
bend at the center of the palindrome, primarily due to posi- 
tive roll and tilt at the steps from base pairs 5-7. Overall, 
the DNA is bent by 21 o (25 ° in the complex that is bisected 
by a crystallographic twofold axis). In contrast, the crystal 
structures of double-stranded DNA of the sequence 
CGATTAATCG (Quintana et al., 1992) and other se- 
quences related to the P3 site show very small deviations 
from the ideal B form. 
Most significantly, the conformational change in the 
DNA that underlies the cooperative binding interaction is 
not a consequence of the dimerization, but rather appears 
to result from a single homeodomain binding to one half- 
site. This is inferred from the fact that engrailed, while 
binding as a monomer, brings about a similar conforma- 
tional change in the DNA (Kissinger et al., 1990). Figure 
6b shows the result of structural alignment between one 
of the two TAAT motifs present in the P3 site in our struc- 
ture with that of the engrai led-DNA structure and with 
ideal B-form DNA. The arrows pointing to the paired and 
engrailed DNA indicate the obvious deviation from ideal 
B-form DNA, which occurs in both of the homeodomain-  
DNA structures. The similarity of the distortion away from 
the ideal B form is most dramatic on the bottom strand 
(indicated by the same arrows). For this strand, at the 
position of the second, nonaligned TAAT half-site, the rms 
deviation in the position of sugar atoms between paired 
and engrailed is 1.4 ~,, whereas the analogous rms devia- 
tion between paired and ideal B-form DNA is 9.6 A. The 
top strand is also distorted away from the ideal B form in a 
similar way by paired and engrailed, but less dramatically. 
Very similar changes are brought about by the Mat~2, 
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a b 
Figure 6. The Importance of DNA Conformational Changes in Mediating the Cooperative DNA Binding 
(a) shows the consequence of the homeodomain-imposed DNA distortions on cooperative DNA binding. The complex on the left side is a model 
of the paired homeodomain bound to ideal B-form DNA of the P3 sequence, generated by least-squares superimposition f each TAAT sequence 
in an ideal B-form model of the P3 sequence and the homeodomain-bound TAAT from the structure reported here. Note the lack of contact between 
the two homeodomains. For comparison, the complex on the right shows the experimentally determined structure of th cooperative dimer, with 
the position of the green homeodomain  exactly the same position. The altered position of the red homeodomain represents the protein movement 
associated with the conformational change i  the DNA. 
(b) compares the distortion n DNA seen in the paired homeodomain structure with that in the engrailed structure. Least-squares superimposition 
was used to align theTAAT motifs from one half-site of the current s ructure of the paired homeodomain (i  green), of the engrailed homeodomain-DNA 
structure (in blue), and an ideal B-form DNA of the P3 sequence (in orange). The resulting precise alignment of the paired and engrailed homeodo- 
mains shows that these two homeodomains interact with the TAAT subsite in very similar ways. The bend in the DNA that occurs downstream 
of the TAAT site is very similar for engrailed, which binds to DNA as a monomer, and paired, which binds a a cooperative dimer. 
Antennapedia, and Oct-1 homeodomains (Wolberger et 
al., 1991; Billeter et al., 1993; Klemm et al., 1994). The 
conformational adjustments erve to increase the contact 
area between the homeodomain and DNA by causing the 
major groove of the DNA to close around the recognition 
helix. This effect results in a form of DNA classified as 
Beg-DNA (enlarged groove), the formation of which accom- 
panies the binding of many diverse proteins to their DNA 
recognition sites (Nekludova and Pabo, 1994). 
Curiously, the paired class homeodomains that possess 
a serine at position 50 (but not those possessing a gluta- 
mine or a lysine) can bind with almost equal affinity and 
cooperativity to two different DNA sequences, P3 (the sub- 
ject of this study, TAATYNRATTA) and P2 (TAATYRA- 
TTA). Simple modeling based on either the engrailed DNA 
or the paired DNA structures hows that the two homeodo- 
mains would penetrate into each other on the P2 site. This 
strain could be relieved by a return toward ideal B-form 
DNA. Further structural work will be required to under- 
stand the influence of position 50 on the spacing pref- 
erence. 
A Conserved P3 Sequence in Eye-Specific 
Gene Promoters 
All four Drosophila melanogaster hodopsin genes share 
an element, just upstream of the TATA box, that conforms 
to the P3 consensus (the RCSI site; see Table 3) and that 
is necessary for proper rhodopsin expression (Mismer and 
Rubin, 1989; Fortini and Rubin, 1990). In Drosophila, 
mouse, and humans, pax-6 is required for normal eye de- 
velopment (see Quiring et al., 1994), and Halder et al. 
(1995) have suggested that pax-6 may directly regulate 
the rhodopsin genes in Drosophila. Consistent with this, 
Czerny and Busslinger (1995) have recently shown that 
the optimal binding site for the Pax-6 homeodomain is the 
P3 site, on which it binds cooperatively, and that the P3 
site is sufficient o mediate transactivation by Pax-6 in cell 
culture. The P3 site is also present in the rhodopsin proxi- 
mal promoters from several other organisms, including 
human, and in several other eye-specific genes (Table 3). 
This suggests that the regulation of rhodopsin and other 
eye-specific genes by pax-6 is conserved in evolution and 
may be directly mediated by the P3 binding sites. 
Conclusions 
Short TAAT-containing target sequences bound by iso- 
lated homeodomains are insufficient to mediate functional 
specificity. Homeodomain proteins must therefore aug- 
ment their interaction with DNA to discriminate between 
target sequences. The discovery that paired (Pax) class 
homeodomains preferentially bind as cooperative dimers 
to palindromic DNA sequences, composed of two inverted 
TAAT motifs, showed that the homeodomain is capable 
by itself of recognizing longer, i.e., more specific, DNA 
sequences. The structure presented here, when com- 
pared with the structures of homeodomains in solution or 
bound monomerically to DNA, shows how the binding of 
one paired class homeodomain to one of the TAAT se- 
quences in a palindromic target site can result in the prepa- 
ration of a recognition surface for the formation of a coop- 
erative ternary complex with a second homeodomain 
protein, encoded by either the same or a distinct gene. 
The identification i  the promoters of eye-specific genes of 
these palindromic sites that have been conserved through 
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Table 3. Promoters Containing the P3 Consensus Site 
Positon Relative 
Gene Species P3 Site to TATA Reference 
P3 consensus 
Crystal structure 
Rhode ~sin Rhl 
Rhode )sin Rh2 
Rhode )sin Rh3 
Rhodc ~sin Rh4 
Rhode )sin Rhl 
Rhode )sin Rh2 
Rhode )sin Rh3 
Rhode )sin Rh4 
Rhode )sin Rhl 
Rhode )sin 
Rhode )sin 
ninaC 
trp 
arrestin 
cTAAT YNR ATTAg 
ATAAT CAG ATTAG 
D. melan CTAAT TGA ATTTC -44 
D. melan CTAAT TGG GTTAG -20 
D. melan CTAAT CCA ATTCC -21 
D. melan CTAAT TGA ATTTG -32 
D. viril CTAAT TGA ATTI'G -32 
D. viril CTAAT TGG CTCAA -21 
D. viril CTAAT CCA ATTGC -23 
D. viril CAAAT TGA ATTAG -35 
Callip. vic. TTAAT TTA ATTTT -58 
Bovine TTAAT ATG ATTAA -72 
Human TTAAT ATG ATTAT -72 
D. melan CTAAT TGA ATTAG -81? 
D. melan CTAAT GTA AI-rAG -15? 
D. melan CTAAT TGA ATTAG -40 
(Wilson et al., 1993) 
(This report) 
Fortini and Rubin, 1990) 
Fortini and Rubin, 1990) 
Fortini and Rubin, 1990) 
Fortini and Rubin, 1990) 
Fortini and Rubin, 1990) 
Fortini and Rubin, 1990) 
Fortini and Rubin, 1990) 
Fortini and Rubin, 1990) 
See GenBank accession number Z23136) 
see Zack et al., 1991) 
see Zack et al., 1991) 
see Mismer and Rubin, 1989) 
see Mismer and Rubin, 1989) 
(Hyde et al., 1990) 
The presence of the P3 site in the.promoter sequences of eye-specific genes. The P3 site, derived from optimal binding selections (Wilson et al., 
1993) is shown on top, as is the DNA sequence used in the present study. All four rhodopsin genes from Drosophila melanogaster (D. melan) 
and virilis (D. viril) possess the sequence within 50 bp of the TATA box. The sequence is also in the blowfly (Calliphora vicina, Callip. vic.), bovine, 
and human proximal promoter. Also shown are other Drosophila eye-specific genes that possess this sequence in their promoters. Several other 
examples of fly and mammalian eye-specific genes with the P3 site in their promoters have also been identified (D. S. W. and C. D., unpublished 
data). With one exception, all of these examples have one or fewer mismatches with the P3 consensus. A question mark indicates that no clear 
TATA box exists in the indicated promotoer. 
evolution indicates that these cooperat ive interactions 
may indeed underl ie critical recognit ion events in the regu- 
lation of development.  
Experimental Procedures 
Protein and DNA Preparation 
A fragment of the paired cDNA, encoding 17 amino acids N-terminal 
to the homeodomain, the homeodomain itself (60 amino acids), and 
4 amino acids C-terminal to the homeodomain, was inserted into the 
pAR3038 vector (Treisman et al., 1989). The three point mutations 
(one cysteine to serine change 12 amino acids N-terminal to the ho- 
meodomain, one cysteine to serine change at position 4 of the borneo- 
domain, and the serine to glutamine substitution at position 50) were 
created by PCR. This homeodomain, like the construct lacking the 17 
amino acids upstream of the homeodomain (Wilson et al., 1993), binds 
with high cooperativity to the P3 sequence. Protein was expressed in 
Escherichia coli and induced as described (Treisman et al., 1989). 
Harvested cells were resuspended in 25 mM HEPES (pH 7.8), 200 
mM KCI, 5 mM EDTA, 10 mM benzamidine (Sigma), 1 mM phenylmeth- 
ylsulfonyl fluoride (PMSF, Kodak), and lysed by sonication. The ho- 
meodomain was purified chromatographically on a heparin sulfate col- 
umn followed by a Mono S column (Pharmacia). DNA preparation was 
as described (Ferr~-D'Amar~ et al., 1993). 
Crystallization 
Numerous crystal forms of the paired Gin-50 homeodomain bound to 
different DNA duplexes were obtained from initial screens, but none 
diffracted to sufficiently high resolution. As suggested to us by C. Pabo, 
disulfide formation between homeodomains, which we found to occur 
rapidly (less than 1 day) in hanging drops, even in the presence of 50 
rnM dithiothreitol, was probably at least partially responsible for this. 
Mutation of the two cysteines (see above) to serines did not affect the 
cooperative DNA binding to the P3 site. The best crystals were ob- 
tained from a complex of the homeodomain with the DNA duplex 
shown in the Results section. 
Equal volumes of the complex and the mother liquor (100 mM Na 
acetate [pH 5.5], 20 mM NaCI, 40 mM MgCI2, 19o/0 [w/v] polyethylene 
glycol 1000) were mixed, and crystals grew spontaneously to large 
dimensions (0.3 mm x 0.4 mm × 0.5 mm) within 1 week at 4°C. To 
protect hem against freeze-induced damage, a final concentration of 
13% ethylene glycol (Fluka) was introduced slowly (2% increments 
over 30 min). These crystals were scooped into a small nylon loop 
and then flash cooled in a stream of nitrogen gas at 100 K. 
Structure Determination and Refinement 
The cr=ystals (space group C2221, a = 72.21 A, b = 146.89 ,~, c = 
77.23 A) diffract X-rays somewhat anisotropically, but data could be 
measured at all angles to at least 2.0 A. All data were collected on a 
Rigaku R-Axis IIC and were reduced, merged, and scaled (Table 4) 
using the programs DENZO and SCALEPAC (Z. Otwinowski, personal 
communication). Replacement of single 5-methyl groups on thymidine 
bases by iodine atoms yielded heavy atom derivative crystals (Table 
4). For each derivative, a total of three sites were identified, and were 
refined using the program HEAVY (Terwilliger and Eisenberg, 1983). 
The three sites could be explained by assuming that there are 1.5 
DNA duplexes in the asymmetric unit. The central base pair of the 
DNA sequence used is the center of a pseudotwofold axis of symmetry. 
In one of the DNA molecules, a crystallographic twofold axis coincides 
with the pseudotwofold axis at the center of the duplex, leaving only 
half a duplex in the asymmetric unit and resulting in twofold averaging. 
The other DNA duplex lies completely within the asymmetric unit, but 
is averaged noncrystallographically about the central base pair. Within 
one unit cell, three DNA duplexes (the crystallographically averaged 
one at the center, flanked by the intact ones) form a pseudocontinuous 
DNA helix. This pseudocontinuous helix is somewhat misaligned with 
respect to the crystallographic axis and, therefore, does not extend 
beyond the edges of the unit cell. 
A formal possibility that is raised by the twofold averaging of the 
DNA is that electron density corresponding apparently to two homeo- 
domains per DNA duplex could arise from twofold averaging of a DNA 
duplex bound asymmetrically by a single homeodomain. In that case, 
the electron density corresponding to the protein should be reduced 
in intensity to approximately half that expected for full occupancy at 
each binding site. Compelling evidence that the crystallographic struc- 
ture corresponds to two protein molecules bound to each DNA duplex 
is provided by two observations. Electron density features correspond- 
ing to the protein in the initial MiR electron density maps are compara- 
ble in intensity to that observed for the DNA (Figure 7). In addition, 
the final refined B factors are lower on average for the protein (35 .~2) 
than for the DNA (43 .~2), indicating that there are two well-ordered 
protein molecules bound to each duplex. 
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Table 4. Summary of Crystallographic Analysis 
Native I-3 1-12 1-25 
Resolution range (/~) 20-2.0 20-2.5 20-2.5 20-2.5 
Number of reflections 
Measured 94,960 98,091 131,116 98,943 
Unique 28,315 14,563 14,305 14,556 
Completeness 
Overall 92.9% 97.9O/o 99:1% 98.4% 
Outer shell 83•3% 97.1% 99.1% 98.9% 
asym 
Overall 0.058 0.043 0.098 0.040 
Outer shell 0.185 0.088 0.140 0.089 
Number of heavy atom positions 3 3 3 
Rderiv (20--2.5,&,) 0.091 0.10 0.10 
Phasing power (20-2.5~,) 1.48 1.08 1.51 
Overall mean figu[e of merit (20-2.5 ,~,) 0.71 
R factor (6.0-2.0 A) 0.197 
R,ree (6•0-2.0 ,g) 0.270 
Average temperature factor (A 2) 38.0 
RmsAB (,~2) 2.59 
Number of nonhydrogen atoms in model 2,684 
Number of water molecules in model 254 
Rms bond length 0.012 ,&, for protein 0.018 ,&, for DNA 
Rms bond angles 1.51 o for protein 2•80 ° for DNA 
The outer shells for the native and derivative data sets are from 2.07-2.00 ,g, and 2.59-2.50 ,~,, respectively. R,ym = Z:ll - <l>l/ZI, where I = 
observed intensity, <1> = average intensity from multiple observations of symmetry-related reflections. Rderiv = ~'l l  FpHI - iFPII/~lFPI, q FPI = protein 
structure factor amplitude, IFP, l = heavy-atom derivative structure factor amplitude• Phasing power = rms(iFHI/E), where IFnl = heavy atom 
structure factor amplitudes and E = residual lack of closure. Rms bond length and rms bond angle are the rms deviations from ideal values. Rms 
AB is the rms difference between temperature factors of covalently bonded atoms. The numbering for the iodine positions corresponds to the 
base number in the duplex as it is shown in the Results and Discussion section, where the numbering starts at the 5' end of the top strand and 
ends at the 3' end of the bottom stand (this is a different numbering system from that used in the text). 
The MIR electron density map, calculated using data from 15.0 to 
2.5 ,&, resolution, was modified using solvent flattening and histogram 
matching (Zhang and Main, 1990). The modified MIR electron density 
map was of excellent quality (Figure 7), with strong density for all 60 
amino acids of each homeodomain and for all of the DNA duplex. The 
engrailed homeodomain structure (Kissinger et al., 1990) and an ideal 
B-form model DNA of the sequence used in the crystallization (built 
using the program QUANTA, Molecular Simulations) was fit roughly 
into the modified MIR electron density map and extensively rebuilt 
manually and refined using the programs "O" (Jones et al., 1991) and 
XPLOR (Bringer et al., 1990) and the protein parameters of Engh and 
Huber (1991). DNA parameters were modified from XPLOR (S. K. 
--- ,,,-- ~/  ' Asp27 
"~ - - - .  P7 
"" .''" ~ Pro26 : 
" , J ' \ - " "  f 
\ / :~- f "  " 
1:16 
F 
i J - -  - 
Tyr25 ~" 
~-~ Gin24 
Figure 7. The Modified MIR Electron Density Map Reveals Compara- 
bly Strong Electron Density for the Protein and the DNA 
The map is contoured at 1.4~ (blue) and 3.0~ (red). The identities of 
four amino acid. residues are indicated. P6 and P7 are phosphates at 
position 6 and 7, respectively, on the bottom strand of the DNA. 
Burley and K. Clark, personal communication). The free R value 
(BrLinger, 1993) was used to monitor all stages of the refinement. From 
the beginning of the refinement, charges on the phosphates and the 
side chains aspartate, glutamate, histidine, arginine, and lysine were 
set to zero, and at the end of the refinement all partial charges were 
also set to zero. Thus, no hydrogen bonding terms entered into the 
empirical force field during the final phases of refinement. The entire 
data set was modified by an overall anisotropic B-factor tensor, which 
reduced the R value by 1% (Bl l  = -6.3, B22 = 2.2, B33 = 4.1 in 
B factor units). Near the end of the refinement, when the free R was 
0.270, the reflections that had been used to calculate the free R were 
included in the refinement o yield the final model, which has an R 
value of 0.197, using all reflections with I/~1 > 1.0, from 6.0-2.0 ,~. 
Water molecules were added where significant (>3o) peaks in I IFol - 
IFoll electron density maps could not be accounted for by protein or 
DNA features and when such positions allowed reasonable hydrogen 
bonding to other parts of the model. All water positions were verified 
by inspecting simulated annealing omit maps (Hodel et al., 1992). To 
accommodate the twofold averaging of the DNA duplexes, a twinned 
model was used at the positions where rotation around the pseudotwo- 
fold axis of the DNA resulted in a purine:pyrimidine base pair being 
replace by a pyrimidine:purine base pair (only the central and terminal 
bases were affected by this). The final model includes the entire DNA 
sequence and residues of the homeodomain from -1 to 64, 1 to 58, 
and 2 to 57 for the three homeodomains, respectively. The 16 amino 
acids preceding the -1 position of the homeodomain are completely 
• disordered in all of the proteins observed in this structure. No alternate 
side chain conformers were used for the proteins. 
Gel Mobility Shift Experiments 
All variants of the paired homeodomain included the entire 60 amino 
acid motif defined as the homeodomain, plus one residue upstream 
and four downstream. The Arg-43 paired homeodomain possesses 
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the wild-type serine at position 50 (which reduces the cooperativity by 
4-fold compared with the Gin-50 homeodomain; Wilson et al., 1993), 
and the Arg-28 paired homeodomain possesses a glutamine at posi- 
tion 50. Protein extracts were prepared and mobility shift experiments 
were performed as described (Wilson et al., 1993). The concentration 
of labeled DNA in all experiments was 5 nM. The reaction buffer was 
composed of 15 mM Tris-HCI (pH 7.5), 60 mM KCI, 0.5 mM DTT, 0.25 
mg/ml bovine serum albumin, 0.5 mM PMSF, 100 #.M benzamidine, 
50 #.g/ml poly(dl-dC), 0.05% NP-40, and 7.5% glycerol. The amount 
of protein extract used in this paper did not produce any detectable 
band retardation on a nonspecific DNA probe. For the gel shown in 
Figure 3c, the ratio of the binding affinity constant, Ka, for one site 
relative to the other (for a single protein) was calculated as the ratio 
of the ratios bound/unbound for the two probes being compared, at 
a single protein concentration. This ratio is therefore the relative affinity 
of one homeodomain for the two probes. Cooperativity is defined as 
being the K~ for the second binding event divided by the Ka for the 
first binding event and was evaluated as described (Wilson et al., 
1993). The top strands for the DNA probes referred to in the text are 
as follows: P3, 5'-CCTGAGAATAATCTGATTACTGTACA-3'; P5, 5'- 
CTGAGAATAATCTGTGATTACTGTAC-3'; TAATCA, 5'-CCTGAGT- 
GTAATCACCTGCACGG-3'; TAACGA, 5'-CCTGAGTGTAACGACCT- 
GCACGG-3'. For each probe, the bottom strand anneals to all but the 
first base and itself has a single base at the 5' end that does not anneal 
to the top strand. 
Acknowledgments 
D. S. W. and B. G were supported by National Research Service Award 
training grant GM-07982-12. We are very grateful for essential and 
frequent advice from Carl Pabo, Adrian Ferr~-D'Amare, and Stephen 
K. Burley. Much useful advice and assistance were also provided by 
Jonathan Goldberg, Jacqui Gulbis, T. S. R. Krishna, Guojun Sheng, 
Florian Petit, Susie Jun, Nathalie Dostatni, Ramakoti Suresh, Kirk 
Clark, Joe Kim, and other members of the Ku riyan and Desplan labora- 
tories. Thanks also to Peter Model and Henri Buc and to the Burley, 
DiNardo, and Gaul labs for interesting discussions. Excellent echnical 
assistance was provided by Huguette Viguet, Steven Jacques, and 
Jason Ein. 
Received June 12, 1995; revised July 18, 1995. 
References 
Ades, S. E., and Sauer, R. T. (1994). Differential DNA-binding specific- 
ity of the engrailed homeodomain: the role of residue 50. Siochemistry 
33, 9187-9194. 
Billeter, M., Qian, Y. Q., Otting, G., MUller, M., Gehring, W., and 
WQthrich, K. (1993). Determination of the nuclear magnetic resonance 
solution structure of an Antennapedia homeodomain-DNA complex. 
J. Mol. Biol. 234, 1084-1097. 
Bopp, D., Burri, M., Baumgartner, S., Frigerio, G., and Noll, M. (1986). 
Conservation of a large protein domain in the segmentation gene 
paired and in functionally related genes in Drosophila. Cell 47, 1033- 
1049. 
BrQnger, A. T. (1993). Assessment of phase accuracy by cross valida- 
tion: the free R value. Acta Crystallogr. D49, 24-36. 
BrL~nger, A. T., Krukowski, A., and Erickson, J. W. (1990). Slow-cooling 
protocols for crystallographic refinement by simulated annealing. Acta 
Crystallogr. A46, 585-593. 
BQrglin, T. R. (1995). The evolution of homeobox genes. Proc. Int. 
Symp. Biol. 10, in press. 
Czerny, T., and Susslinger, M. (1995). DNA-binding and transactiva- 
tion properties of Pax-6: three amino acids in the paired domain are 
responsible for the different sequence recognition of Pax-6 and BSAP 
(Pax-5). Mol. Cell Biol. 15, 2858-2871. 
Engh, R. A., and Huber, R. (1991). Accurate bond and angle parame- 
ters for X-ray protein structure refinement. Acta Crystallogr. A47, 392- 
400. 
Ferre-D'Amare, A. R., Prendergast, G. C., Ziff, E. B., and Burley, S. 
K. (1993). Recognition by Max of its cognate DNA through a dimeric 
b/HLH/Z domain. Nature 363, 38-45. 
Fortini, M. E., and Rubin, G. M. (1990). Analysis of cis-acting require- 
ments of the Rh3 and Rh4 genes reveals a bipartite organization to 
rhodopsin promoters in Drosophila melanogaster. Genes Dev. 4, 444- 
463. 
Gehring, W. J., Qian, Y. Q., Billeter, M., Furukubo-Tokunaga, K., 
Schier, A. F., Resendez-Perez, D., Affolter, M., Otting, G., and WLitrich, 
K. (1994). Homeodomain-DNA recognition. Cell 78, 211-223. 
Halder, G., Callaerts, P., and Gehring, W. J. (1995). Induction of ec- 
topic eyes by targeted expression of the eyeless gene in Drosophila. 
Science 267, 1788-1792. 
Hayashi, S., and Scott, M. P. (1990). What determines the specificity 
of action of Drosophila homeodomain proteins? Cell 63, 883-894. 
Hodel, A., Kim, S.-H., and BrLinger, A. T. (1992). Model bias in macro- 
molecular structures. Acta Crystallogr. A48, 851-858. 
Hyde, D. R., Mecklenburg, K. L., Pollock, J. A., Vihtelic, T. S., and 
Benzer, S. (1990). Twenty Drosophila visual system cDNA clones: one 
is a homolog of human arrestin. Proc. Natl. Acad. Sci. USA 87, 1008- 
1012. 
Jones, T. A., Zou, J. Y., Cowan, S. W., and Kjeldgaard, M. (1991). 
Improved methods for building protein models in electron density maps 
and the location of errors in these models. Acta Crystallogr. A47, 110- 
119. 
Kissinger, C. R., Liu, B., Martin-Blanco, E., Kornberg, T. B., and Pabo, 
C. O. (1990). Crystal structure of an engrailed homeodomain-DNA 
complex at 2.8 A resolution: a framework for understanding homeodo- 
main-DNA interactions. Cell 63, 579-590. 
Klemm, J. D., Rould, M. A., Aurora, R., Herr, W., and Pabo, C. O. 
(1994). Crystal structure of the Oct-1 POU domain bound to an octamer 
site: DNA recognition with tethered DNA-binding modules. Cell 77, 
21-32. 
Li, X., and Noll, M. (1994). Evolution of distinct developmental func- 
tions of three Drosophila genes by acquisition of different cis-regulatory 
regions. Nature 367, 83-87. 
Mismer, D., and Rubin, G. M. (1989). Definition of cis.acting elements 
regulating expression of the Drosophila melanogaster ninaE opsin 
gene by oligonucleotide-directed mutagenesis. Genetics 121, 77-87. 
Nekludova, L., and Pabo, C. O. (1994). Distinctive DNA conformation 
with enlarged major groove is found in Zn-finger-DNA and other pro- 
tein-DNA complexes. Proc. Natl. Acad. Sci. USA 91, 6948-6952. 
Otwinowski, Z., Schevitz, R. W., Zhang, R., Lawson, C. L., Joachimiak, 
A., Marmorstein, R. Q., Luisi, B. F., and Sigler, P. 8. (1988). Crystal 
structure of TRP repressodoperator complex at atomic resolution. Na- 
ture 335, 321-329. 
Qian, Y. Q., Billeter, M., Otting, G., M(Jller, M, Gehring, W. J., and 
WQthrich, K. (1989). The structure of the Antennapedia homeodomain 
determined by NMR spectroscopy in solution: comparison with pro- 
karyotic repressors. Cell 59, 573-580. 
Qian, Y. Q., Otting, G., and W0thrich, K. (1993). NMR detection of 
hydration water in the intermolecular interface of a protein-DNA com- 
plex. J. Am. Chem. Soc. 115, 1189-1190. 
Quintana, J. R., Grzeskowiak, K., Yanagi, K., and Dickerson, R. E. 
(1992). Structure of a B-DNA decamer with a central T-A step: C-G-A-T- 
T-A-A-C-G. J. MoL Biol. 225, 379-395. 
Quiring, R., Walldorf, U., KIoter, U., and Gehring, W. J. (1994). Homol- 
ogy of the eyeless gene of Drosophila to the Small eye gene in mice 
and Aniridia in humans. Science 265, 785-789. 
Schafer, B. W., Czerny, T., Bernasconi, M., Genini, M., and Busslinger, 
M. (1994). Molecular cloning and characterization of a human PAX-7 
cDNA expressed in normal and neoplastic myocytes. Nucl. Acids Res. 
22, 4574-4582. 
Terwilliger, T. C., and Eisenberg, D. (1983). Unbiased three- 
dimensional refinement of hevy-atom parameters by correlation of ori- 
gin-removed Patterson functions. Acta Crystallogr. A39, 813-817. 
Structure of Cooperative Homeodomain Dimer on DNA 
719 
Treisman, J., G6nczy, P., Vashishtha, M., Harris, E., and Desplan, C. 
(1989). A single amino acid can determine the DNA binding specificity 
of homeodomain proteins. Cell 59, 553-562. 
Treisman, J., Harris, E., and Desplan, C. (1991). The Paired Box en- 
codes a second DNA-binding domain in the Paired homeo domain 
protein. Genes Dev. 5, 594-604. 
Treisman, J., Harris, E., Wilson, D., and Desplan, C. (1992). The ho- 
meodomain: a new face for the helix-turn-helix? Bioessays 14, 145- 
150. 
Underhill, D. A., Vogan, K. J., and Gros, P. (1995). Analysis of the 
mouse Splotch-delayed mutation indicates that the Pax-3 paired do- 
main can influence homeodomain DNA-binding activity. Proc. Natl. 
Acad. Sci. USA 92, 3692-3696. 
White, R. (1994). Homeotic genes seek partners. Curr. Biol. 4, 48- 
50. 
Wilson, D., Sheng, G., Lecuit, T., Dostatni, N., and Desplan, C. (1993). 
Cooperative dimerization of Paired class homeo domains on DNA. 
Genes Dev. 7, 2120-2134. 
Wilson, D. S., and Desplan, C. (1995). Homeodomain proteins: cooper- 
ating to be different. Curr. Biol. 5, 32-34. 
Wotberger, C., Vershon, A. K., Liu, B., Johnson, A. D., and Pabo, 
C. O. (1991). Crystal structure of a MAT ~2 homeodomain-operator 
complex suggests a general model for homeodomain-DNA interac- 
tions. Cell 67, 517-528. 
Zack, D. J., Bennett, J., Wang, Y., Davenport, C., Klaunberg, B., 
Gearhart, J., and Nathans, J. (1991). Unusual topography of bovine 
rhodopsin promoter-lacZfusion gene expression in transgenic mouse 
retinas. Neuron 6, 187-199. 
Zhang, K. Y. J., and Main, P. (1990). The use of Sayre's equation 
with solvent flatteing and histogram matching for phase extension and 
refinement of protein structures. Acta Crystallogr. A46, 377-381. 
